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 Modeling chemical reactions in the condensed phase has been of increasing interest in 
recent studies due to the large range of relevant reactions (e.g. biomass conversion). Recently, 
some studies in the condensed phase through computational approaches have been reported, 
utilizing implicit, molecular dynamics (MD) and ab-initio molecular dynamics (AIMD) methods 
for treating the solvent. However, calculations of reaction energetics in condensed phase are 
more challenging than in gas phase reactions, because they require expensive computational cost 
to consider effects of many solvent molecules. From the point of view of catalyst design, 
efficient and simple methods are necessary to screen a number of catalyst candidates and to save 
cost for calculations involving complex reaction networks.  
Scaling approaches in gas phase have successfully estimated reaction energetics of a 
variety of systems. We believe that this well-developed method can also work well in condensed 
phase. In this study, we established scaling relations for adsorption energies of hydrogenated O, 
C, N, and S with various solvent representations, using adsorption energies of single adatom as 
descriptors. We investigated effects of a single water molecule, a methanol molecule, two water 
molecules, ice-like structure and disordered water configuration on ∆𝐸𝑎𝑑𝑠 using density 
functional theory (DFT). Seven different types of transition metals, Cu, Ag, Au, Pd, Pt, Ir and 
Rh, were tested as substrates. Structure sensitivity of scaling relation was studied using fcc(111) 
and (100) facet as well. As a result, the linear properties of scaling relations were preserved in all 
solvent representations we tested. The slope of scaling relation in the condensed phase did not 
change significantly compared to that in the gas phase, but intercept was shifted due to the 
formation of H-bonds between adsorbate and water. Investigations of the electronic states of the 
vi 
 
metal surface suggest that bond order conservation still dictated slopes of scaling relations in 
condensed phase since adsorbed water has minimal effect on the d-states of the surface metal 
atom which adsorbate was placed on. We believed these scaling relations show the potential of 






CHAPTER 1. INTRODUCTION 
 
1.1 Energy scaling relations  
An increasing number of chemical reactions occur in the condensed phase, ranging from 
upgrading heavy residue in the conventional oil industry to increasing interests in biomass 
conversion research.1,2 Although heterogeneous catalytic reactions in the condensed phase are 
common, fundamental understanding about condensed phase reactions is far short of that of gas 
phase reactions. The lack of knowledge about condensed phase reaction is mainly derived from 
difficulties of characterizations of chemical phenomena in solvent media.3 For instance, most 
experimental analysis methods are carried out in vacuum or gas phase; few in-situ and operando 
experiments can capture results including influence of solvent in reaction environment.4,5 In light 
of these difficulties, understanding effects of solvents is an essential step to determine accurate 
reaction energetics in condensed phase, as solvent can modify electronic structures of reactants, 
intermediates and transition states,6–8 or even participate in the reaction as reactants.9  
Many research groups in the computational catalysis field also have investigated reaction 
energetics in the condensed phase using computational modeling able to capture the chemical 
phenomena which occur in a few picoseconds in the reality. Indeed, several methods with 
various trade-off relation between accuracy and computational cost have been developed and 
applied to figure out energetics in the condensed phase. In general, they can be categorized into 
implicit10–14, explicit15–21 and hybrid method22, a combination of implicit and explicit method, 
according to the representation of solvent molecule in computational models.23 These methods 
are useful to figure out energetic feature of specific reactions on specific catalysts. However, 
from a practical perspective when seeking to design improved materials, it is necessary to screen 
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numerous catalyst candidates with a reasonable computational cost.24 For gas phase catalytic 
reactions, energy scaling relations allow high-throughput screening for the selection of 
heterogeneous catalysts.25 Scaling approaches are able to simplify complex reaction networks 
involving a large number of intermediates into first-order equations that are functions of simple 
atomic and/or molecular descriptors.  
In previous work, linear energy scaling relations between an adatom and its hydrogenated 
form were reported in the context of bond order conservation.26 Slopes in the relation are 
determined by the ratio of number of existing hydrogen atoms connected to adatom to the 
maximum number of hydrogens which can be bonded. Extension studies have revealed that 
adsorption energies (∆𝐸𝑎𝑑𝑠) of relevant chemicals such as alcohols, sulfides, and unsaturated 
hydrocarbons can also be estimated using a scaling approach.27–29 Also, energy scaling relations 
have been shown to be applicable to variety of metal substrates such as metal oxide, sulfide, 
nitride, carbide, nanoparticles, and alloy.30–34 Due to these universal features, scaling approaches 
have been widely used to identify optimized catalysts and predictions correspond well to 
experiments.35–37 However, although energy scaling relations have been used thoroughly for gas 
phase reactions, but their utility in complex condensed phase environments remains relatively 
unknown.27,36–39 A few relationships applicable in the condensed phase have been reported. For 
example, Liu et al. studied effects of water on adsorption energies of glycerol on Pd(111) facet.40 
They considered energies of individual interactions such as water-water, water-Pd, and water-
glycerol as constant value. Adsorption energies of glycerol-derivatives were estimated by 
counting the number of bonds relevant with adsorbates. Also, Getman et al. researched roles of 
water on glycerol reforming reaction on Pt(111) in the aqueous phase.9 They revealed that TSS 
(transition state scaling) relationships for dehydrogenation, decarbonylation, and hydrogenolysis 
3 
 
in the aqueous phase have different slopes compared to those for the same reactions in gas phase. 
Sautet et al. investigated solvation contributions to adsorption energies of oxygenates on Pt 
nanoparticles.41 They showed the correlations between adsorption energies of the adsorbates in a 
presence of a few water molecules and coordination numbers of adsorption sites. Although the 
relationships reported in previous studies can reduce computational cost for complex systems 
with many solvent molecules, those focused on mainly on one specific metal surface. Thus, it 
would be difficult to estimate adsorption energies on different metal surfaces on purpose of 
catalysts screening. 
Given the high demand for theoretical methods to determine reaction energetics on various 
metal substrates in the condensed phase,42 we performed a study toward the development of new 
scaling relations to determine adsorption energies of catalytic intermediates in condensed phase 
contexts. In this work, we present the simplest energy relations between adsorption energies of a 
single atom and a hydrogenated atom in the presence of varying representations of solvent, 
ranging from single solvent molecules to full representations of the condensed phase. Influence 
area of adsorbed water on metal atoms and adsorbates is studied by d-band center calculations. 
Also, effects of facets, adsorption sites, and a different solvent on energy scaling relationships 
are shown in here.  
 
1.2 Density Functional Theory 
First-principals (ab initio) calculations are one of the computational approaches in the 
material science field to determine information on chemical bonds related to the structures and 
properties of materials.43 One strong point is that this approach does not require empirical 
models, parameters and experimental values but equations established on a law of physics. 
4 
 
Density functional theory is a successful method to find approximate solutions of the 
Schrödinger equation. The Schrödinger equation is applicable to compute wave functions 
theoretically.44 However, it is still nearly impossible to calculate exact solutions of a system 
more complex than a hydrogen atom even with the state-of-the-art computational facility, 
because 3N dimensions should be considered in the equation when the number of electrons is 
N.45,46 Therefore, instead of exact coordinates of electrons, finding ‘density of electron’ can 
reduce the dimension to be considered from 3N to 3. Also, in experiments, researchers are more 
interested in the density of electrons at specific coordinate instead of the exact locations of 
labelled electrons. Two theorems were proven to support this efficient approach. First theorem 
suggested by Hohenberg and Kohn, is that the ground-state of energy from the Schrödinger 
equation is a unique functionals of the electron density.47 It means that electron density at ground 
state can dictate properties of materials. Their second theorem proved the electron density that 
minimizes the energy of the overall functional is the true electron density corresponding to the 
full solution of the Schrödinger equation.47 The statement confirmed that finding electron density 
to the respect of 3-dimension is correct way to solve the Schrödinger equation. The right electron 





∇2 + 𝑉(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑋𝐶(𝒓)] 𝜓𝑖(𝒓) = 𝜀𝑖𝜓𝑖(𝒓) 
The first term in the left side is electron kinetic energy. Next three potentials are, in order, the 
interaction between an electron and atomic nuclei, the Coulomb repulsion between an electron 
and the total electron density and the exchange-correlation functionals including all quantum 
mechanical effects. In terms of the algorithm to solve the Kohn-Sham equation, the first step is to 
define an initial electron density, n1(r). Next, wave functions, 𝜓𝑖(𝒓), can be calculated by 
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solving Kohn-Sham equation using n1(r). Calculated 𝜓𝑖(𝒓) can be used to compute an electron 
density from Kohn-Sham equation, nKS(r). After comparison of nKS(r) with n1(r), an electron 
density is updated to n2(r) in some way. This guess-calculation-comparison process continues 
until a difference between nn(r) and nKS(r) is smaller than a cutoff which users set. The final n(r) 
is used to compute total energy of system.   
Density functional theory has been widely used to understand properties of materials and 
chemical reactions.49 First, many problems in material science field have been solved using this 
approach such as crystal structure, phase stability, phase diagram, mechanical properties, surface 
properties, magnetic properties, electronic transport, etc.50–58 One accomplishment relevant to 
our research is the d-band model. Hammer and Nørskov studied on covalent adsorption with 
projected DOS (density of electronic states) using density functional theory.59 They developed an 
advanced model based on the Newns-Anderson model presenting a projected DOS of adsorbent 
and adsorbate as a semi-elliptic shape and a delta function respectively. This model showed that 
as d-band center (ɛd) increases the antibonding is depleted by merging into DOS of adsorbent.
60 
Therefore, the strength of covalent bond increases. Hammer and Nørskov researched adsorptions 
of oxygen on several metals in 3d, 4d, and 5d series and established linear relations between ɛd 
and adsorption energies of oxygen. Also, they describe an adsorption energy in the simple form, 
∆𝐸 =  ∆𝐸𝑠𝑝 + ∆𝐸𝑑, considering the d orbital of transition metals is more localized compared to 
s and p orbitals.26 It is notable that d-band model shows how electronic structure have influence 
on the reactivity.61  
Next, density functional theory has contributed to understanding reaction mechanism.62–67 
Although analysis methods offer reliable ground to support proposed reaction mechanism, it is 
often hard to gain information about intermediates due to their short residence time and low 
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concentration. On the other hands, computational approach can calculate energetics of models 
including any derivable intermediate. Thus, thermodynamics of reactions can be predicted. Also, 
kinetics of reaction can be determined since a transition state can be estimated by functions in 
density functional theory.68 Consequently, the relative magnitudes of estimated Gibbs energies 
and activation energies evaluate how close proposed mechanism is to the reality.69 This typical 
procedure has been well utilized to validate reaction mechanisms. For instance, Bligaard et al. 
identified new mechanism of selective catalytic reduction on Ag supported on alumina catalyst 
in the presence of H2 gas.
70 They showed a unique potential energy diagram of Ag for NOx 
formation compared to other metals and a preferential adsorption on alumina support. From 
practical perspective, it is meaningful that Ag/Al2O3 catalysts is promising catalysts for the 
removal of nitrogen oxide even at low temperature. 
 
Figure 1: Calculated activation energies for N2, CO, NO, and O2 dissociation on a number of 
different metals plotted as a function of the calculated dissociative chemisorption potential 
energy for the dissociation products. From Ref. [78] 
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Especially, in heterogeneous catalysis, useful correlations for estimation of important 
energetics have been established to reduce computational cost. First, BEP (Brønsted-Evans-
Polanyi) relation was originally proposed for homogeneous reaction.71 However, this relation 
was successfully implemented to estimate activation energies based on heats of reaction in many  
heterogeneous catalytic reaction such as dissociations of N2, CO, NO, and O2 on various facets 
of metals and hydrogenation/dehydrogenation of ethylene on Pd alloy72–78 Also, TSS (Transition 
State Scaling) relations are correlations between the transition state energy (ETS) and the final 
state energy (EFS).
79,80 This linear scaling relation was validated in dehydrogenation relation of 
ethanol on Pt(111) slab for the first.81 Advantage of BEP and TSS relations is to convert 
thermodynamics into kinetics of chemical reactions. In a study without these correlations, 
researchers have to figure out kinetics using expansive computational calculations to identify 
proper transition states directly such as NEB (nudged elastic band) method.82  
The last example of correlation is a linear energy scaling relation between adsorption 
energies of reaction intermediates and adatoms or functional groups on various surfaces.26–34,68 
The energy scaling relations can reduce computational burden, since adsorption energies of 
complex molecules can be estimated simply using a first order equation and descriptors. A 
descriptor is an adsorption energy of atoms or a part of complex molecules. Thus, computational 
costs for descriptors are much more reasonable compared to those for direct calculations of 
complex adsorbates.83 Other benefit of scaling relations is that descriptors can reduce the number 
of independent parameters to describe the thermodynamics of overall reaction networks. When 
chemicals 𝐴 and 𝐵 are intermediates in a reaction pathway, for instance, two independent 
variables, ∆𝐸𝑎𝑑𝑠(𝐴) and ∆𝐸𝑎𝑑𝑠(𝐵) are needed to understand the thermodynamics. On the other 
hands, scaling relations (1st order equation; 𝑓 and 𝑔) and a proper descriptor can decrease the 
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number of parameter from 2 to 1 as simplifying ∆𝐸𝑎𝑑𝑠(𝐴) and ∆𝐸𝑎𝑑𝑠(𝐵) into 𝑓(𝑑𝑒𝑠𝑐𝑟𝑖𝑝𝑡𝑜𝑟) 
and 𝑔(𝑑𝑒𝑠𝑐𝑟𝑖𝑝𝑡𝑜𝑟).84 
Next, we explain how energy scaling relations have been used toward catalyst design. 
Combination of density functional theory and micro-kinetic study is one of well-known methods 
for theoretical catalyst design.85–91 At the first step, Gibbs free energies for evaluation of 
equilibrium constants can be obtained using reaction energies derived from calculated adsorption 
energies.92 Calculated entropies should be considered as well. Next, for kinetics, BEP 
relationships can directly convert calculated reaction energies into activation energies. 
Additionally, collision theory and experimental results are useful to figure out rate constants for 
adsorption, desorption and reactions. Lastly, mathematical models for elementary steps are 
established based on estimated thermodynamics and kinetics. A set of differential equations can 
be solved to figure out steady-state solution for surface coverages and the rate of overall reaction 
under given operating conditions. Given that descriptors in the reaction energy terms remain in 
the differential equations, consequently an overall reaction rate can be expressed as a function of 
descriptors. Volcano-optimization analysis can find out promising catalysts with optimum 
descriptor leading to high reaction rate.92 Therefore, our research aims to understand effects of 
solvent in energy scaling relations and develop energy scaling relations for condensed phase. 
Ultimately, the scaling relations would be widely applicable for screening catalyst candidates for 






CHAPTER 2. THEORETICAL METHOD 
 
2.1 Density functional theory calculations 
The Vienna ab initio simulation package (VASP) was used for density functional theory 
calculations.93,94 Projector augmented-wave (PAW) potentials were used to describe electron-ion 
interactions, and the Perdew-Wang functional was used within the generalized gradient 
approximation (GGA-PW91) to determine exchange-correlation energies.94 A precision of 10-4 
eV was used for convergence of electronic energies. The energy cutoff was 400 eV and the 
forces on atoms were minimized below 0.02 eV Å-1 during structure optimization. 
Implementation of van der Waals-corrected functionals (opt-B88 with PBE potentials) was 
investigated for a subset of relationships but did not affect the qualitative conclusion of this 
study.95,96  
 
2.2 Computational model 
Cu, Ag, Au, Pd, Pt, Rh, and Ir were considered as metal substrates. Lattice constants of 
metals were optimized with 0.001 Å resolution; the calculated lattice constants showed good 
agreement with experimental results as follows (experimental values in parentheses, all values in 
Å) : Ag 4.16 (4.09), Au 4.18 (4.08), Cu 3.64 (3.61), Ir 3.88 (3.84), Pd 3.96 (3.89), Pt 3.99 (3.92), 
Rh 3.84 (3.80).97  3 × 3 × 4 surface unit cells were generally used for calculations unless 
otherwise noted; in particular, 5 × 5 × 4 unit cells were used for calculations with two water 
molecules to minimize lateral interactions between water molecules. A 6 × 6 × 1 Monkhorst-
Pack k-point mesh (4 × 4 × 1 for the larger unit cell) was used; the mesh was gamma-centered 
for hexagonal surface structures.98 The top two layers of slabs were allowed to freely relax 
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during optimization, while the bottom two layers were fixed at their bulk-optimized positions. 
Enough vacuum (> 13 Å) between periodic metal slabs was applied to minimize interactions 
between adjacent slabs. The equation to calculate adsorption energy (∆𝐸𝑎𝑑𝑠) of an adsorbate in 
the presence of solvent molecules is as follows. 
∆𝐸𝑎𝑑𝑠 = 𝐸𝑎𝑑𝑠+𝑠𝑜𝑙+𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑜𝑙+𝑠𝑙𝑎𝑏 − 𝐸𝑎𝑑𝑠,𝑔 
 where 𝐸𝑎𝑑𝑠+𝑠𝑜𝑙+𝑠𝑙𝑎𝑏 is the total energy of the optimized metal surface with the adsorbate and 
solvent, 𝐸𝑠𝑜𝑙+𝑠𝑙𝑎𝑏 is the total energy of the optimized metal slab with adsorbed solvent, and 
𝐸𝑎𝑑𝑠,𝑔 is the energy of the optimized gas-phase adsorbate. 
All possible high-symmetry adsorption sites were considered on two different facets. In 
detail, on the fcc(111) facet we considered top, bridge, fcc, and hcp binding sites; on fcc(100), 
top, bridge, and hollow sites were studied. In the initial geometry, a water molecule was 
generally placed on the top site nearest to the adsorbates; in selected cases, we also placed the 
water on the second nearest top site to investigate the effect of interaction distance on energy 
scaling relations.  
We generally allow adsorbates and solvents to relax fully within the geometry 
optimization. When noted, the x-y positions of certain adsorbates were fixed on non-preferred 
binding sites to allow the determination of site-specific scaling. For very limited cases, as noted, 
relevant metals in the top layer were fixed to prevent metal distortion due to constraining an 
adsorbate in a highly unfavorable binding site. For all relationships involving the most stable 
adsorption sites, however, all adsorbates, solvents, and surface metal atoms are fully relaxed. 
We generally consider all types of hydrogen bonds involving different atoms in the 
adsorbate and solvent. For example, two possible geometries of OH* adsorption with a water 
molecule are shown in Figure 2. The configuration with a hydrogen bond between hydrogen of 
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water and oxygen of the hydroxyl group (left) was more stable than one with the bond between 
the oxygen of water and hydrogen of hydroxyl group (right) since water is weak acceptor and 
strong donor of proton compared to hydroxyl group. Also, this is in good agreement with 
previous study.99 Based on these results, we report the thermodynamically more stable 
configuration in which hydrogen of solvent is hydrogen-bonded to the adatom of adsorbate.  
 
 
Figure 2: Two possible configurations of a hydrogen bond (a yellow circle indicates hydrogen 
bond) 
 
When studying ice-like structures on fcc(111) facets of the metals, a 2√3 × 2√3 𝑅30° 
unit cell  with 4 × 4 × 1 gamma-centered k-points was used.100 In these calculations, the water 
structure was first optimized on each metal and then constrained in the x-y dimensions. 
Adsorbates (O* or OH*) then replaced water molecules, with their O atom constrained on the 
adsorption site (atop a metal atom). Among several water configurations with different 
orientations of hydrogen in water molecules, the most stable one was selected for the study.  
Finally, for the study of disordered solvent configurations, ab initio molecular dynamic 
(AIMD) and DFT calculations were conducted in VASP. Configurations for condensed phase 
included 32 water molecules and an adsorbate on 3 × 3 × 4 slabs of five different metals (Au, Pd, 
Pt, Ir, and Rh). Cu and Ag slab were excluded in this part since instability of oxygen on these 
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surfaces leaded to rapid OH* formation. The periodic spacing in the z-direction was selected to 
yield a density of approximately 1 g/ml. AIMD simulations were performed with simulation 
temperature and step time of 298 K and 0.5 fs, respectively. These configurations started from a 
pre-randomized water configuration on each metal and allowed to achieve an initial energy 
stabilization (after ~8 ps). Thirteen samplings were carried out with a sampling of 1 ps. This 
number of samples was enough to obtain a mean value with small margin of error (< 0.1 eV) in a 
90 % confidence interval. During the AIMD calculations, all atoms were able to freely move 
except bottom two metal layers. The total energies of the sampled configurations were calculated 
by DFT simulations in which all atoms (except for the bottom two metal layers) were relaxed to 
their optimized positions. The adsorbate was then removed and the slab/solvent system allowed 
to relax for calculation of adsorption energies according to the above formula. Time scale of 
AIMD simulation was limited to 21 ps due to high computational cost. 




CHAPTER 3. RESULTS AND DISCUSSION 
Contents in each subsection are as follows. Section 3.1 describes scaling relations of O* 
versus OH* with one water molecule on fcc(111). Section 3.2 explains reason why new scaling 
relations were observed in a presence of a water by d-band center calculations. Section 3.3 shows 
scaling relations of O* versus OH* on fcc(100) to figure out structure sensitivity. Section 3.4 
includes scaling relations of different adatoms (C*, N*, and S*) and hydrogenated adatoms. 
Section 3.5 is about scaling relations with methanol molecule. Section 3.6 shows scaling relations 
with two water molecules and ice-like structure. Lastly, Section 3.7 includes scaling relations with 
disordered water configurations.  
 
3.1 Scaling properties for adsorption energies of O* and OH* in the presence of a water 
molecule 
We first studied the simplest scaling relations between adsorbed O* and OH* to 
determine the extent to which gas phase scaling was maintained in the presence of the simplest 
representation of solvent, a single water molecule. Figure 3. shows the results of DFT 
calculations in which O* and OH* adsorption energies are calculated with the species on their 
most stable binding sites on the fcc(111) facet, both in the gas phase as done in previous work 
and in the presence of a single water. The energy scaling relations with water are positioned 
below the original energy scaling relation by enhancement of adsorption energies of O* and OH* 
by H-bond with water, maintaining a similar slope; this suggests that the bond order conservation 
rule still works in the presence of a water molecule. The mean absolute error (MAE) of the data 
around the new scaling relation is small, 0.12 eV, compared to that of original relation, 0.21 eV.  
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Individual points moved left and down on the shown scaling plot due to the stabilization 
of both O* and OH*, respectively, by water. Interaction energy in here was used to refer to 
extent of change in adsorption energy by solvent species (i.e., ∆𝐸𝑎𝑑𝑠 𝑤𝑖𝑡ℎ 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 −
 ∆𝐸𝑎𝑑𝑠 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑠𝑜𝑙𝑣𝑒𝑛𝑡). The respective average interaction energies of O* and OH* are -0.21 
eV and -0.29 eV. In the coadsorption of oxygen and a water, oxygen is adsorbed on the fcc site, 
regardless of types of metals. Given that the best adsorption site for oxygen without water is the 
fcc site, the preferred adsorption site of oxygen is not affected by a water molecule. In contrast, 
the best adsorption sites of OH* changed on all metals in the presence of a water. In detail, Cu, 
Ag, Au, Pd, and Rh, for which the most stable adsorption sites were the fcc sites in the absence 
of a water, subsequently bound OH* in bridge site in the presence a water. OH* on Pt and Ir was 
originally adsorbed on the bridge site without water, but it preferred the top site adsorption when 
a water is added. It is believed that new bond geometry induced by intermolecular hydrogen 
bond with water is more beneficial then replacing O*-Metal with O*-H. 
 
Figure 3: Scaling relations between adsorption energies of O* and OH* on the preferred site on 
fcc(111) in the presence of a water molecule. Also shown are representative geometries of H2O 




Moreover, we found that the gas-phase energy scaling is preserved on a site-by-site basis. 
The energy scaling relations between adsorption energies of O* and OH* with one water 
molecule on specific adsorption sites are shown in Figure 4. The slopes of all new lines are 
similar to those of original energy scaling relations, but intercepts are decreased when a water is 
added. In the case of top site adsorption, the average values of interaction energies for O* and 
OH* are -0.5 eV and -0.55 eV respectively. For bridge sites, these energies of O* and OH* by a 
water molecule -0.37 eV and -0.30 eV. The MAEs of describing the data without water were 
0.06 eV for the top site adsorption and 0.13 eV for bridge site adsorption; the mean absolute 







Figure 4: Scaling relations between adsorption energies of O* and OH* on fcc(111) in the 
presence of a water molecule on the site-by-site basis. Also shown are representative geometries 
of H2O coadsorption with O* and OH* after the optimization. 
 
As discussed in the methods section, in certain cases adsorbates were fixed to ensure the 
consistency of results in site-by-site scaling relationships. In case of coadsorption of oxygen and 
a water on the top site, both species were fixed in the x/y dimensions to prevent the formation of 
two OH groups. Similarly, the adsorbates and metal atoms were fixed due to the metal distortion 
when oxygen was adsorbed on the bridge site in the presence of water. OH* was also fixed for 
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the top site calculation due to the energetic preference of OH* for bridge site binding on some 
metals. These constraints were applied to all similar systems/geometries to ensure consistency. 
Additionally, scaling relations on fcc and hcp site were not shown here because interaction 
energies of OH* was negligible (< 0.1 eV) due to unfavorable adsorption.   
 
3.2 d-band center calculations 
The d-band model is a widely accepted method to interpret interactions between 
adsorbates and metals.101–104 According to this model, the variation of adsorption energies from 
one transition metal to the next metal can be attributed to differences in the d-band structures of 
the various metals.59 Given that transition metals have similar broad sp orbitals, the contribution 
of interaction between the sp orbitals and the electronic state of an adsorbate to the bonding are 
similar in range of various transition metals. However, each transition metal has distinct narrow 
d orbital, so the bonding derived from interaction between d orbital and adsorbate varies by 
metal type. It was found that the positions of d-band center with respect to the Fermi level of 
metals (i.e. ɛd is the expression of the relative d-band center) have a linear relation with 
adsorption energies on metal.              
We calculated the density of states of surface metal atoms to determine the corresponding 
effect on their electronic structures in the presence of water; of particular interest was the metal 
atom nearest the water binding site, since that metal atom would interact most directly with the 
O*/OH*. The calculated relative d-band centers are shown in Table 1. The results showed the 
effect of water on the d-band of neighbor metal is slight (< 0.04 eV). The insignificant influence 
can be evidence to explain why the slope does not change by adding a water, since as discussed 
above the scaling slope originates primarily from variations in d-contributions. This therefore 
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suggests that the interaction between water and the adsorbate occurs nearly exclusively through 
the H-bond, rather than indirectly through modification of the metal electronic states. 
Table 1 d-band center of clean metal (ɛd, clean) and the nearest metal (ɛd, NN, H2O) from the metal 
on which a water molecule was adsorbed (right image shows the metal we considered) 
Metal ɛd, clean metal [eV] ɛd, NN, with water [eV] 
Rh -1.79 -1.77 
Pd -1.49 -1.50 
Ag -3.79 -3.83 
 
3.3 Structure sensitivity of scaling relations 
Along with fcc(111), fcc(100) facet is also frequently chosen as a catalyst model surface 
due to its relatively high structural stability and higher reactivity derived from a lower 
coordination number of surface metal atoms.104–109 We therefore chose to investigate the scaling 
behaviors on this facet with and without water, as well. The scaling relations on the most stable 
adsorption site is shown in Figure 5. The regression line corresponding to the adsorption with a 
water has relatively high R-squared value, 0.97, and low MAE, 0.05 eV considering the MAE of 
the original relation is 0.10 eV. In the absence of water, both O* and OH* on metals preferred to 
be adsorbed on bridge or hollow site.  In cases of O* with water, the preferred adsorption site of 
O* on Cu, Ag, Au, and Pd was the fourfold hollow site (the top insert image in Figure 5). On the 
other hands, oxygen preferred on Pt, Ir, and Rh the bridge. In cases of OH* with water, OH* was 
adsorbed on the bridge site of all seven metal surfaces with a hydrogen bond with a water 
molecule on the 2nd nearest top site (the bottom insert image in Figure 5). Water does not 
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change adsorption sites of O* on metals expect Pt, compared to cases without water. However, 
OH* on Cu, Ag, Pt, and Ir which preferred the hollow site in the absence of water moved to the 
bridge site by adding a water. Overall the scaling relationships closely resembled those found on 
the (111) facet, showing structure insensitivity as observed previously. 27,110    
 
Figure 5: Scaling relations between adsorption energies of O* and OH* on the preferred site on 
fcc(100). Also shown are representative geometries of H2O* coadsorption with O* and OH* 
after the optimization. 
 
The scaling relations for fcc(100) surfaces on a site-by-site basis are shown in Figure 6. 
On both the top site and the bridge site, linear scaling relations are observed like those on 
fcc(111) facet. Two top site adsorptions with different distance were examined on this facet. In 
the figure, two linear relations corresponding to water adsorbed in the nearest (“top1”, red) and 
the 2nd nearest (“top2”, blue) top site from the adsorbate represent distinct lines caused by 
different strength of hydrogen bonds. The average interaction energy of O* on the top1 and top2 
sites are -0.49 eV and -0.15 eV respectively. Those energies of OH* were -1.19 eV on the top1 
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site and -0.65 eV on the top2 site.111 All total energies of top sites adsorption with a water were 
calculated by fixing the x/y positions of the adsorbate and a water, due to the instability of O* 
(and, sometimes, OH*) on the top binding site. The MAE of the scaling relation in absence of a 
water is 0.22 eV. MAEs of the regression lines for top1 and top2 are 0.10 eV and 0.09 eV 
respectively.  
For bridge site binding, the new linear scaling relation in the presence of water contains 
the same slope and a lower intercept by 0.47 compared to the original scaling relation. Average 
interaction energies are -0.10 eV for O* and -0.45 eV for OH*. In the process of coadsorption, 
the x/y positions of O* and H2O* were fixed for consistency, but hydroxyl group and water were 
relaxed. The MAEs of the observed scaling relation without water and with water are 0.14 eV 
and 0.13 eV respectively. Also, scaling relations on hollow site were not displayed here since 






Figure 6: Scaling relations between Adsorption energies of O* and OH* on fcc(100) on the site-
by-site basis. Also shown are the preferred structures of OH* after structural optimization. 
 
3.4 Extension to additional molecular species 
After determining the linear scaling relation between adsorption energies of O* and OH* 
in the presence of a water molecule, we conducted an extension study on additional adsorbates to 
test the scope of our scaling approach. We considered carbon, sulfur, nitrogen, and their 
corresponding hydrogenated species (i.e,. CHx, SHx, and NHx, with the maximum x values 
dependent on the type of central atom). The linear scaling relations of these adsorbates on the 
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preferred adsorption site and the top site adsorption with and without water on fcc(111) surfaces 
are displayed in Figure 7.  
 
Figure 7: Scaling relations of adsorption energies between (a) C* and CH*, (b) C* and CH2*, (c) 
C* and CH3* on the most stable adsorption sites; (d) N* and NH*, (e) N* and NH2* on the most 
stable adsorption sites, (f) S* and SH* on the most stable adsorption sites. 
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Scaling relations between carbon and hydrogenated carbon (CH*, CH2*, and CH3*) on 
the most stable adsorption sites are shown from a to c. The regression lines corresponding to 
‘with water’ and ‘without water’ in these figures were almost overlapped. Interaction energies 
varied depending on the adsorbates and metal. In cases of co-adsorption of C* and water, the 
maximum interaction energy was -0.18 eV on Cu and Ag slabs and the minimum values was 
0.01 eV on Pt slab. The average interaction energy on seven different metal slabs is -0.08 eV. 
The preferred adsorption site for C* is fcc or hcp site and is not changed by the addition of water. 
When CH* was adsorbed with water, the range of interaction energies was -0.08 ~ 0.10 eV, with 
average values at 0.03 eV. CH* adsorbate still prefers high-fold sites such as fcc and hcp site as 
an adsorption site. CH2* was stabilized on Ag by -0.06 eV, but for other metals the adsorption 
energies were destabilized by water. The average interaction energy was 0.05 eV. In a majority, 
the adsorbate selected a bridge site for adsorption.  Given that MAEs of three linear relations 
corresponding to ‘with water’ case in a, b, and c were 0.05, 0.06 and 0.05 eV respectively, using 
linear scaling relations is reliable approach to estimate adsorption energies for co-adsorption.  
Next, the scaling relations between nitrogen and hydrogenated nitrogen species on the 
most stable configuration were shown in d and e. Nitrogen had various interactions with water, 
depending on metals. On Ag and Cu slabs, N was substantially stabilized by about -0.2 eV when 
a water molecule was introduced. However, N* was strongly destabilized by water by 0.16 eV 
on the Pt slab. The average interaction energy of N* is -0.05 eV. Regardless of the existence of 
water, nitrogen adsorbates were adsorbed on hcp or fcc site. In terms of NH* adsorption, 
adsorption energies were only slightly changed by the presence of water since NH* preferred the 
adsorption on high-fold site. The average interaction energy of NH* is 0.01 eV. In cases of co-
adsorption of NH2* and water*, the interaction energies ranged from 0.00 eV to - 0.17 eV. NH2* 
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is adsorbed on the bridge site in all metals. In this case, an intermolecular hydrogen bond was 
formed between hydrogen of NH2* and the oxygen of water. The two linear correlations for 
adsorption of NH* and NH2* with water showed low MAEs about 0.07 eV.  
Last, the linear scaling relations between S* and SH* on the preferred adsorption sites 
were displayed in f. The maximum interaction energies of S* and SH* in the preferred binding 
sites were -0.18 eV and -0.16 eV, both on Ag slabs. On the other hand, the minimum interaction 
energies of S* and SH* were +0.16 eV and +0.05 eV both on Pt slab. Although individual points 
were moved due to interaction energies, two lines were almost overlapped due to small 
difference in intercepts. The MAE of the regression line to estimate adsorption energies of SH* 
in the presence of water molecule was 0.05 eV.  
In general, the adsorption energies on the preferred sites of adsorbates having carbon, 
nitrogen, and sulfur as adatom do not change significantly in the presence of a water molecule, 
because C, N, and S have relatively low electronegativity compared to oxygen atom in previous 
section. Additionally, most of these adsorbates are likely to be adsorbed in hollow sites. 
Therefore, the steric effects hinder the interaction between the solvent and adsorbate. Still, even 
though no significant change in scaling was found for these species in the presence of a single 
water molecule, we emphasize the result that the scaling itself was preserved with very small 
errors resulting from the regression. 
 
3.5 Extension to other solvents 
Given the wide range of solvents present in catalytic reactions, we chose to investigate 
the nature of the scaling behavior in the presence of a different molecule. We selected methanol, 
as it is widely used as a solvent along with water in heterogeneous catalysis, and investigated its 
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impact on the adsorption energies of O* and OH*.112 The scaling relations in the presence of 
methanol are shown in Figure 8, along with those in the presence of water for comparison.   
    
 
Figure 8: Linear scaling relations for adsorption in the most stable binding site in the presence of 
a methanol molecule (blue) and a water molecule (red) on fcc(111) (left) and fcc(100) (right) 
surfaces. 
 
The linear scaling relations are preserved in the presence of a methanol molecule on both 
facets, just as in the case of the single water molecule. Considerable amount of shift is observed 
compared to the relations in the gas phase when a methanol molecule is added. The regression 
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lines corresponding to methanol are close to those corresponding to water: those cases show very 
similar slope and intercept. It is because the hydroxyl group in both types of solvent molecules 
makes a hydrogen bond with oxygen in adsorbates. Considering that points of methanol case are 
located on the left of those of water case, however, the effects of two solvents on adsorption 
energies are different. The interaction energy of oxygen with methanol on fcc(111) is in a range 
between -0.04 and -0.54 eV. In case of OH* adsorption with a methanol, the maximum 
interaction energy is -0.13 eV and the minimum is -0.56 eV. The averages of interaction energies 
of O* and OH* are -0.23 and -0.35 eV respectively. The MAE of the scaling relation for 
methanol on fcc(111) slabs is 0.11 eV. We observe similar trends on the fcc(100) facet: the 
interaction energy for oxygen ranges between from -0.29 to 0.21 eV, and the range of interaction 
energies of OH* is -0.37 ~ -0.58 eV. The average interaction energies for O* and OH* are -0.08 
and -0.47 eV respectively. The MAE of the new scaling relation is 0.03 eV. Based on the results 
in this part, it would be expected that in the condensed phase the gap of intercept between scaling 
relations with two different solvents would be increase since the number of solvent molecules 
which are able to make H-bond with adsorbate would be different due to the molecular size of 
water and methanol.  
 
3.6 Extension study on two solvent molecules 
Our studies to this point have considered the adsorption of a single solvent molecule; we 
next chose to investigate the energy scaling behavior in the presence of two water molecules and 
an ice-like water bilayer. A larger fcc(111) slab (5 × 5 × 4) was prepared to exclude lateral 
interactions between water molecules in the cases with two water molecules. We considered two 
configurations in which the water-adsorbate-water angles 120° and 180°. Oxygen and two water 
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molecules were fixed on each top site to prevent formation of OH*; the hydroxyl group and two 
water molecules were allowed to move freely during optimization process.  
 
 
Figure 9: Linear scaling relations of adsorption energies with two water molecules with 180° 
(blue) and  with 120°(red) and in ice-like structure (purple) (Note: all values shown here are 
adsorption energies on top site for consistency with a calculation with ice-like structure)  
 
As shown in Figure 9, linear scaling relations for two water molecules and ice-like 
structure were again observed. Slopes of green and blue line are similar, but intercept is slightly 
different. When it comes to adsorption of oxygen with two waters, the configuration with 180° is 
more stable than 120°. However, in OH* adsorption along with two water molecules, the 
configuration with 120° is more stable than 180°. The interaction energies of O* by the second 
water molecule are -0.46 for the 120° configuration and -0.53 eV for the 180° configuration. 
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These numbers are similar to that by first water molecule (-0.47 eV). The effects of the second 
water molecule on OH* with 120° and 180° are -0.51 eV and -0.41 eV respectively These are 
similar to average interaction energy by the first water molecule (-0.57 eV). The MAEs of 
scaling relations in the presence of two water molecules are 0.12 and 0.16 eV respectively.  
We also observed linear scaling when considering the adsorption of O* and OH* 
substituted into various forms of an ice-like water bilayer. The slope of this scaling relation is 
slightly higher than other cases. It was believed that enhancement of adsorption energies of 
hydroxyl group on a few metals with high lattice constant such as Au and Ag would be inhibited 
by fixing positions of waters and adsorbates. This constraint preventing water from approaching 
to OH* makes long intermolecular H-bond compared to an optimum length. Average interaction 
energies of O* and OH* by ice-like structure were -0.82 and -1.11 eV respectively. MAE of this 
scaling relation was 0.11 eV.  
   
Figure 10: Linear scaling relation between the adsorption energies of O* and OH* without water, 
with one water, and sampled from AIMD simulations leading to disordered configurations. The 




We finally investigated the possibility of linear energy scaling relationships in more 
disordered environments representative of real systems. Using combination of AIMD and DFT, 
scaling relations with disordered water configurations were investigated. The scaling relation 
about mean values of adsorption energies of O* and OH* in the condensed phase was shown in 
Figure 10 along with the gas phase scaling and the scaling with in the presence of one water 
molecule. It is notable that the scaling relationships in this figure is the most catalytically 
relevant since only the most preferred adsorption of each case was considered. The r2 values of 
the gas-phase scaling relation and the scaling with one water molecule are higher than values in 
Figure 3 as Cu and Ag were ruled out from the figure for consistence of types of considered 
metals. The adsorption energies of O* and adsorption energies of OH* during the sampling 
period were relatively stable showing the differences between the maximum and minimum BE 
was less than 0.5 eV. The average standard deviation of adsorption energies of O* and OH* 
across five metals were 0.046 and 0.14 eV respectively. In the same manner with the cases in 
gas-phase and with one water molecule, the linear scaling relation was shown in the condensed 
phase. When thirteen samples were considered, the all margins of error were less than the 
acceptable error (0.1 eV). In terms of the number of H-bonds, adsorbed O* can make maximum 
three bonds with hydrogen, but it did not make any bond with water in some configurations. In 
case of OH*, OH* can make maximum four bonds as forming one additional bond with oxygen 
in water, compared to O*. A correlation between the number of bonds and interaction energy 
was unclear since we used a specific distance (2.1 Å) between O* and H as a cutoff value to 
determine existence of H-bond. However, it was known that the strength of H-bond was 
expressed as a function of length of H-bond.111 Also we confirmed that angle between H-bonds 
also have effects on interaction energy in the scaling relations with two water molecules. It 
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would be necessary to figure out functions and factors such as length and angle for interpretation 
of interaction energy in the condensed phase like a similar previous study.16  
From the gas phase to the condensed phase, a linearity of scaling relation was preserved 
maintaining the original slope of scaling relation in gas phase. As the number of solvent 
molecules increase, increase in interaction energy was expressed as decreasing intercept 
mathematically. It is believed that direct estimation of scaling relations in the condensed phase 
would be possible by calculating the extent of change in intercept if we find correlations between 
intercept and features of interaction such as length, angle, the number of water within effective 
radius from adsorbate, etc. Also, conventional molecular dynamics (MD) simulation can 
generate more various solvent configurations corresponding to microsecond time scale which 




CHAPTER 4. CONCLUSION 
 
In this study, we identified linear scaling relations between adsorption energies of 
adatoms and their hydrogenated forms in various representations of solvent, including one or two 
isolated solvent molecules, an ice-like water bilayer, and disordered water configurations. We 
showed that this linear scaling is present for multiple classes of simple adsorbates, across 
multiple surface geometries, and in the presence of water or methanol. In detail, the slope of new 
scaling was still governed by the bond order conservation rule and change in intercept varied 
depending on types of adatom. The d-band center calculation showed that one water molecule 
has little effect on the electronic properties of the nearest metal. When it comes to scaling 
relation between oxygen and hydroxyl group, the remarkable down-shift by water was found due 
to strong intermolecular hydrogen. In plot of C*, N*, and S* versus hydrogenated atoms, there 
was little change of scaling relations due to low electronegativity or absence of lone pair 
electrons in carbon. In the presence of two water molecules and ice-like structure, the linear 
scaling relations between O* and OH* on the top site were preserved maintaining the original 
slope. In disordered water configurations without constraint on adsorption site, shifted-down 
scaling relation was found. Our results show the possibility of new scaling approach including 
solvent effects for catalyst screening for the condensed phase reaction. Additionally, it is a 
notable to hold the scaling characteristic in a wide range of several late transition metals with 
different lattice constants and electronic properties. It is thought that many other metals over the 
energy range would be estimable through the scaling relations.  
 As future work, our goals are to gain an understanding of effects of solvents using 
computational model and to figure out how reaction environments can change yield and 
selectivity of reactions. We plan to obtain practical knowledge using model reactions such as 
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selective hydrogenation of cinnamaldehyde or crotonaldehyde. It is because several experimental 
researchers reported that types of solvent have influence on a preference of hydrogenation 
between C=C bond and C=O bond.114–116 Also, some computational studies have been conducted 
but most of them focused on reaction mechanism without consideration of solvent effects.114,115 
In our study, MD simulation and DFT calculation will be used to establish scaling relations to 
estimate adsorption energies of several reaction intermediates in the condensed phase. Also, 
interactions between intermediate and solvent molecule need to be deconstructed to reveal 
relationship between solvent effects and change in intercept. Micro-kinetic study based on DFT 
calculations would generate a volcano plot for the selection of promising catalysts for model 
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